Abstract-Since the interactivity, integrality and instantaneity of information communication in smart substation have been improved to higher levels, it can contribute to promote the realization of a centralized type substation area backup protection (SABP), acting as an integrated protection system for whole substation. On the side, in the case that fault current limiters (FCLs) are suggested to be employed for suppressing short-currents to lower degrees where circuit-breakers can interrupt more effectively, the study of the coordination between the SABP and FCLs is meaningful. In this paper, according to a flux-coupling type superconducting fault current limiter (SFCL) proposed by us previously, its integrated application into a real 220kV smart substation with the centralized type SABPs is investigated. The technical characteristics of the SFCL and the SABP are elaborated firstly, and then assuming that the SFCL can be installed into the 220kV smart substation's different locations, a feasible design strategy for the SABP-SFCL communication network directly affecting both performances is given. Further, regarding the built SABP-SFCL communication network, the network performances including real-time and reliability are evaluated by simulation computation and mathematical analysis. At the end of this article, taken into account the protection algorithm and the SFCL's current-limiting mechanism, the action coordination mode between them is presented. From the research results, the coordination mode's validity can be preliminarily confirmed.
I. INTRODUCTION
Along with the continuous development of smart grid, the concept of a smart substation has been suggested. One of the most significant advantages of building the smart substation is to establish an efficient networked digital information-management platform, where the flexibility in the organization and distribution of the substation information can be increased, and the capabilities of the information exchanging and processing are greatly Corresponding author email: stclchen1982@163.com. doi:10.12720/jcm.9.9.672-679
enhanced [1] , [2] . Due to the effective application of the networked digital platform based on IEC61850 protocols, there is no existence of information isolated island in the smart substation [3] . Further, it will be conductive to achieving an optimal arrangement of substation protection and automation. For example, the whole smart substation can be taken as a protection object to allocate the protection functions. Accordingly, the novel idea of a centralized type substation area backup protection (SABP) using multi-source information fusion was proposed, and the feasibility of this kind of backup protection has been preliminarily proved [4] - [6] . Actually, the main objective of installing a protection device is to trip circuit breakers when a fault is detected. However, in case that the fault-current level is too higher, fault current limiters (FCLs) can be employed for suppressing the short-current to a lower degree where circuit-breakers can interrupt more effectively. Besides, for eliminating the possible negative influence of FCLs on protection device, the study of the coordination between them is needed. At present time, regarding the protection coordination, most of the existing researches focus on FCLs and traditional protection devices [7] - [9] . Considering the technical background and growing trend of smart grid [10] , in particular for the smart substation, the research of the coordination between SABP and FCLs is undoubtedly meaningful and valuable.
In this paper, according to a flux-coupling type superconducting fault current limiter (SFCL) proposed bythe simulation verification is also performed. In section VI, relative research conclusions are summarized.
II. PRESENTATIONS OF THE FLUX-COUPLING TYPE SFCL AND A CENTRALIZED TYPE SABP
A. Structure and Principle of the Suggested SFCL Fig. 1 (a) signifies the structure of the flux-coupling type SFCL, which is composed of two superconducting coupling coils, a controlled switch S 1 and a metal oxide arrester (MOA) R moa . The primary coil with the MOA and through the controlled switch is connected in parallel with the secondary coil, and the directions of the coils are opposite with each other. L 1 , L 2 are the self-inductance of the coils, respectively, and M is the mutual inductance. Z s is the circuit impedance and S load is the circuit load.
In normal (no fault) condition, the initial state of the switch S 1 is closed, and the coils are maintained in the superconducting state. In accordance with the equivalent circuit of the coupling coils, the flux-coupling type SFCL's equivalent structure is shown in Fig. 1 (b) . The impedance of the coupling coils is After the short-circuit fault happens, the controlled switch S 1 will be opened rapidly. Then, a freewheeling circuit consisting of L 1 and R moa will be formed, so as to avoid the switching overvoltage. Once the overvoltage is eliminated, this circuit will be interrupted owing to the MOA's blocking effect. Further, as the flux between the two coils can no longer cancel out each other, the noninductive coupling characteristics will be destroyed. R moa , L 1 and L 2 will be automatically inserted into the main circuit for current-limitation. The proposed SFCL's current-limiting impedance can be shown in:
where 1 I  and 2 I  denote the steady-state currents flowing through the primary and secondary coils, and the relationship between the two currents can be expressed as:
Thereby, the current-limiting impedance can be rewritten as
In the light of the zero-resistance characteristic and high current density of superconductor, the introduction of the superconducting coils can contribute to reduce the heat loss and whole bulk of the proposed flux-coupling type SFCL. To avoid that the superconducting coil's quench/recovery characteristic affect the related autoreclosing relays negatively, we adopt the principle of design that the current flowing through each superconducting coil will be lower than its critical value (In case for possible large-scale/high-voltage application, a hybrid mode consisting superconducting and conventional materials can be properly applied). Thereby, the SFCL belongs to a non-quench type SFCL. Regarding the realization of the aforementioned design, multifilament superconducting tapes (Bi2223)/YBCO-coated conductors with higher critical current levels should be put into use. On the side, the controlled switch S 1 should be equipped with rapid response and adequate breakingcapacity, so as to ensure that the proposed currentlimitation idea can be implemented efficiently.
B. Principle and Characteristics of the SABP
A centralized type SABP's schematic diagram is shown in Fig. 2 , and a configuration of double SABPs located in a smart substation's bay layer is applied to enhance the operational reliability.
On the basis of the process-layer network indicated in Fig. 2 , the SABP can expediently collect the substation information, including the currents and voltages of local electric elements, each circuit breaker's switching status and traditional protection devices' action messages. From the algorithm analysis of the required redundant information, the fault detection and judgment can be enforced more effectively. Consequently, an optimized tripping strategy can be carried out. In a sense, the SABP is similar to wide area backup protection (WABP), but
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Under the condition that the coupling coefficient k and the transformation ratio n can be respectively expressed as
Assuming that an iron core is used to maximize the coupling between the coils, k will be approximate to 1, so that Z coil ≈0. Accordingly, the non-inductive coupling characteristics are achieved, and it can be considered that the MOA is "short-circuited", and the suggested SFCL will not affect the main circuit. different from it under the ranges of information sharing and protection object.  On account of the integration of the whole substation information, the selectivity of the SABP will be undoubtedly better than the traditional backup protection which only protects single electrical element and lacks effective synergy.  Due to avoiding the step-by-step cooperation of protection value and action time, the SABP's rapidity will be superior to the conventional backup protection whose operation time may be up to a few seconds [13] , and the decrease of the fault clearance time can improve the transient stability of power system.  Because of the information sharing, the SABP can conveniently execute a function of circuit breaker failure protection (CBFP) preventing expansion of accidents. It is meaningful to the medium-voltage and low-voltage bus-bars lacking CBFP. From the above presentations, introducing the SABP can enhance the performance of existing backup protection. But it should be noted that, the operation principle and information acquisition mode of main protection will not be changed currently. For the SABP and main protection, they are not in conflict but complementary, each with its own sphere of competence. Once a refusing action occurs in main protection, the SABP will step up to its responsibilities.
III. APPLICATION OF THE SFCL INTO A 220KV SMART SUBSTATION WITH THE SABPS
As indicated in Fig. 3 , it expresses the application of the SFCL into a practical 220 kV smart substation, where two centralized type SABPs are equipped, and the SFCL is designed to be installed into the substation's different locations, such as the power transformer's mediumvoltage and low-voltage sides, the busbar connection joints, as well as the feeder line with important loads. In Fig. 3 , the numbers in those parentheses denote the sampling bays, and they can be divided into four types:  Line bays. They are composed of four 220 kV power transmission lines (L1_220~L4_220), five 110 kV power transmission lines (L1_110~L5_110), and fourteen 10kV power feeder lines (L1_10~L14_10).  Bus-bar bays. They include 220 kV, 110kV and 10 kV buses, named as Bus_220, Bus_110 and Bus_10.  Transformer bays. They are consisting of T1 and T2, and each transformer bay includes three merge units (MUs) and three smart terminals (STs) coming from its high, medium and low voltage sides.  Bus-couple bay and section-switch bay, named as BC_110, SS_220 and SS_10.
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10 kV For achieving the coordination between the SFCLs and the SABPs, the first step is to construct an efficient information communication network. According to the network, the information exchanging and sharing between them should be realized rapidly and accurately. Since the SFCL's operation closely depends on the controlled switch's running status, and this kind of switch information can be converted to the GOOSE message matched with IEC61850 protocols (here is called GOOSE-SFCL). Further, the GOOSE-SFCL message and the other substation information are transferred to a few communication switches, and consequently the SABP-SFCL communication network can be formed.
Regarding the form of the network, its general design is shown in Fig. 4 . The proposed general SABP-SFCL communication network's main structure is selected as star-like type for guaranteeing its real-time, maintainability and reliability as much as possible. Through integrated into account network redundancy and construction cost, the dual-star structure with redundancy is applied in the high-voltage (HV) and medium-voltage (MV) sub-networks respectively, and the single-star structure is arranged in the low-voltage (LV) sub-network.
Supposing that the sampling rate of each merge unit (MU) for the SABP is 4000 Frame/s, the SV message (IEC 61850-9-2 frame format) traffic of each MU is approximately 7 Mbit/s [14] . Under normal condition, the GOOSE message traffic of smart terminal (ST) is very small (0.02 Mbit/s). From [15] , the SV and GOOSE messages can be transmitted in a same communication network. Thereby, aiming at the substation's each (or each two) high-voltage/medium-voltage bay(s), a bay switch can be configured to realize the sharednetwork transmission of the two messages. For the lowvoltage sampling bays, the bay switch is ignored, and the sub-network switch is used for playing this role to improve the economy of network construction. Besides, the virtual local area network (VLAN) technology which is the one can be divided into a lot of networks which broadcast the land with independent logic, may be adopted to carry out the data isolation and control the network flow. 
IV. PERFORMANCE ANALYSIS OF A SPECIFIC SABP-SFCL COMMUNCATION NETWORK
Corresponding to the proposed general design, the specific scheme of the SABP-SFCL communication network built for the practical 220kV smart substation is shown in Fig. 5 . The communication switches SW1~SW2, SW3~SW4, as well as SW5~SW9 are respectively used for the information communication in the 220 kV subnetwork, 110 kV sub-network and 10 kV sub-network. SW10 is the central switch summarizing all the SV and GOOSE messages inside the smart substation. Moreover, the bay switch can be configured at each highvoltage/medium-voltage bay. The network bandwidth of SW1~SW9 and the bay switches will be 100 Mbit/s. Since the data traffic of SW10 may be relatively large, its network bandwidth will be chosen as 1000 Mbit/s to reduce the rate of package loss and improve the communication capacity. Below is the network performance analysis of real-time and reliability.
A. Network Real-Time Analysis
In order to observe the real-time performance of the constructed SABP-SFCL communication network more clearly, the simulation model in accordance with Fig. 5 is built through OPNET software. The OPNET simulation platform's working mechanism is based on a three-layer design idea, and the three layer models are respectively network model, node model and protocol model. In view of that the GOOSE-SFCL message reflects the SFCL's running status, and the common GOOSE message represents the smart terminal's switching value, the node model of the GOOSE message is crucial, and it is shown in Fig. 6 . The node model will include six submodules, and they are respectively named as bursty_gen, sink, eth_mac_intf, mac, hub_rx0, hub_tx0. The module bursty_gen is used for generating and sending the GOOSE message. The module sink is used for receiving and managing the GOOSE message. The module eth_mac_intf undertakes the functions of sending the GOOSE message to the MAC layer and obtaining some feedback information from this layer. The module mac is designed for achieving the MAC protocol and assigning the message transmission from high-level to low-level. The modules hub_rx0 and hub_tx0 are applied for receiving and sending the underlying data. Under the conditions with and without VLAN, the time-delay characteristics of the SV and GOOSE messages in the SABP-SFCL communication network are respectively simulated, as shown in Fig. 7 . Although the real-time performance without VLAN can satisfy the communication demand, after adopting the VLAN technology, the total time-delay will drop dramatically due to the decrease of the data queuing delay.
B. Network Reliability Calculation
In keeping with IEC 60870-4 standard, reliability is described as a measure of the ability of equipment or a system to perform its intended function under specified conditions for a specified period of time. The SABP-SFCL communication network's reliability can be studied by the following indexes [16] .  The degree of reliability () Rt . () Rt is the probability of equipment or a system completing fixed process under the certain condition and the certain time. In general, its failure distribution is according to an exponential function. Supposing that  is the failure rate of equipment, ( )=e Mean time to repair (MTTR) is a basic measure of the maintainability of repairable items, and it represents the average time required a failed component or device. MTBF is the predicted elapsed time between inherent failures of a system during operation. The mathematic relation between the indexes can be described as MTBF= MTTF+MTTR.  Availability (A). A is typically measured as an important factor of reliability, and this is often described as a mission capable rate. The equation of a system's availability is A=MTTF/(MTTF+MTTR). The connection relationship between multiple devices or systems can be approximately divided into two categories, and they are series and parallel connections. In the case that a system is composed of M devices and the availability of single device is A i (i=1,2,…,m), the series system's availability will be calculated as i AA  (i=1,2,…,m), and the paralleltype system's availability will be described as 1
Aiming at the SABP-SFCL communication network's three sub-networks, the reliability of each sub-network corresponding to a substation voltage-level is respectively calculated, and further the whole communication network's reliability is estimated. During the calculation, the MTTF of individual communication switch is assumed as 50 years, and the network media's failure rate is supposed as 0.001. As the structural form of the 220kV sub-network is the same as that of the 110kV sub-network, the reliabilities of these two sub-networks can be analysed by a uniform calculation method. As shown in Fig. 8 (a) , it indicates the reliability block diagram of the 220kV sub-network, and the availability can be calculated as:
The availability of the 110kV sub-network is With regard to the 10kV sub-network, it can be identified as a series information communication system, and its availability is that: 
     
According to the reliability grade defined by IEC61508 standard, the availability of each sub-network can reach the third stage (the fourth stage signifies the highest reliability), and the whole availability level will reach the second stage. That is to say, the SABP-SFCL communication network has the potential capability of transmitting the whole substation information reliably, and it can lay a solid foundation for the action coordination between the SABP and the SFCL.
V. ACTION COORDINATION MODE BETWEEN THE SFCLS AND THE SABPS
In this Section, taking into consideration the protection algorithm and the SFCL's working mechanism, the action coordination between the two kinds of novel electrical devices is preliminarily discussed.
Here a comprehensive directional protection algorithm is adopted for the SABP, and taking part of Fig. 3 for an example, some directional elements are installed, as shown in Fig. 9 . The relationship between the directional elements and the buses can be expressed in Table I . L1  L2  L3  L4  L5  L6  L7  T1  B_220  D1  D2  D8  B_110  D3  D4  D9   B_10  D5  D6  D7  D10 Supposing the output of each associated directional element can be defined as that: its output value will be '1' in the case of current outflowing bus, and be '-1' in the 
Based on the aforementioned fault detection method, the direction matrices under different conditions, such as normal state, K1 point fault, K2 point fault and K3 point fault, are respectively listed in the Eqs. (4)-(7). According to the analysis of the direction matrices, the fault location can be determined, and then the related SFCL can be triggered. As shown in Fig. 10 and Fig. 11 , the transformer bus-voltage and the feeder line current under the conditions with and without the SFCL are given, where K2 point is grounded at t =1s. From the simulation results, the action coordination between the SFCL's trigger and the SABP's fault detection can be achieved. Furthermore, with regard to the time coordination between the SFCL and the SABP, the operating time of main protection should also be considered seriously, and a detailed study will be performed in the near future. 
VI. CONCLUSIONS
In this paper, for the coordination between the centralized type SABP and the flux-coupling type SFCL, some researches are conducted. Aiming at a real 220kV smart substation, a specific SABP-SFCL communication network suitable for the substation information exchange and sharing is constructed, and according to the numerical and relevant simulation results, the network's real-time and reliability can meet the requirements. Moreover, taken into account the SABP's fault detection algorithm and the SFCL's working mechanism, the action coordination between the two kinds of novel electrical devices is preliminarily discussed, and the simulation analysis can prove the validity of the proposed coordination approach based on directional elements.
In addition, it should be pointed out that, there are a few theoretical and technical problems need to be investigated further, such as the large-scale flux-coupling type SFCL's economic performance analysis and electrical insulation design, the SABP's optimization algorithm evaluation, as well as the cooperation between the action times of the SFCL and the SABP. These studies will be carried out in the future.
